High optical and switching performance electrochromic devices based on a zinc oxide nanowire with poly(methyl methacrylate) gel electrolytes Young Tea Chun, 1 Matthew Neeves, 2 Quinn Smithwick, 3 Frank Placido, 2 and Daping Chu Electrochromism is one of the well-known electrochemical phenomena, possessing various advantages for optical displays, smart windows, and sensor applications. [1] [2] [3] [4] Electrochromic display (ECD) devices are being widely researched, since they promise a variety of different coloration characteristics, large viewing angles, affordability, memory effects, and low power consumption. These characteristics are due to a construction which predominantly consists of a working electrode and counter electrode separated by an electrolyte. [5] [6] [7] [8] [9] Electrochromic devices operate based on redox reactions. When an electromotive force is applied to the cell, one electrode is oxidized while the other is reduced, much like the mechanisms involved within a lithium battery. The redox reaction(s) involve electrochromic materials, resulting in a color change. In the case of ECDs, this color change usually comprises a bleached state and a colored state. 10 The composition and/or structures of the electrolyte and transparent electrode layers greatly affect contrast and switching time. To achieve rapid switching and a high contrast ratio (CR), we have fabricated an ECD device using hydrothermally grown zinc oxide (ZnO) NW counter electrodes, poly(methyl methacrylate) (PMMA) polymer electrolyte, and amorphous nickel oxide (NiO x ) electrochromic thin film working electrode.
For ECDs, the electrolyte layer should offer transparency in the visible region combined with stability and a high ionic conductivity. These electrolyte layers have been developed in various forms, including liquids, solids, 11 and gels, 12 most often comprising liquid solvents, polymers, and salts (to provide ions). Each type of electrolyte possesses its own advantages and disadvantages. In regard to the electrolyte of ECDs, there exist a variety of design conditions which must be met for successful fabrication. In recent times, polymer based electrolytes, including PMMA, have been highlighted as one of the most promising candidates for ECDs since they can exhibit good optical transmission, 13 high ionic conductivities at ambient room temperature, 14 and both mechanical and chemical stability. 15 Thus, PMMA has been increasingly sought after in the field of ECD devices owing to their compatibility with display applications. 16 Indium-doped tin oxide (ITO) is a superb transparent electrode material. However, a low concentration of charge carriers has a significant adverse effect in the response time of ECD devices. In addition, sheet resistance on the ITO transparent layer plays important roles in uniform current flow throughout the whole ECD system and having a notable effect on the contrast and response time. Recently, transparent silver electrode grids formed by silver nanoparticles have been replacing ITO electrodes. These transparent silver grids show high contrast on flexible substrates 17 but research is still at a very early stage.
Planar ITO electrodes are limited in the surface area they can provide, which can affect performance. In comparison, vertical nanowire (NW) arrays possess huge surface areas, which when deposited upon a planar electrode, provides increased stability of the interface between the electrolyte and transparent ITO electrode, resulting in faster response times due to improved redox kinetics. 18 Furthermore, NW building blocks of this kind offer a tremendously efficient route for electron movement and result in excellent ion transportation in color changing ECD systems. 19 A strong NW candidate for ECD devices is ZnO. ZnO is a natively doped n-type semiconductor and can easily be grown as a high quality single crystal at low temperatures. 20 ZnO can provide controllable electrical conductivity as demonstrated by electrical transport devices such as field effect transistors (FETs), 21 surface acoustic wave (SAW) devices, 22 and single electron transistors (SETs). 23 The low cost and high chemical stability 24 of ZnO NWs secures their position as next generation functional materials. So far, there have been only a few studies on ECDs utilizing ZnO NWs as a means to enhance optical switching speed and contrast but using liquid electrolytes.
In this study, we demonstrate an ECD device comprising high quality hydrothermally grown ZnO NW counter electrodes, high performance PMMA polymer electrolyte, and an amorphous nickel oxide (NiO x ) electrochromic thin film working electrode. The ECD device consists of a sandwich structure fabricated via a simple low temperature process using ITO glass substrates with 10 lm spacers and optical adhesive. The assembled device exhibits a high CR and fast switching times placing our devices in a different class from previously reported ECD devices using various NWs such as TiO 2 To form the working electrode, NiO x thin films are deposited by electron beam evaporation with a thickness of 180 nm upon one ITO coated glass substrate. Substrates are held in custom substrate-holders on a large rotating calotte with the appropriate shadow mask. Depositions are carried out at ambient room temperature with a computer-controlled deposition rate of 0.1 nm s À1 and in the presence of 25 sccm of O 2 process gas introduced through a computer controlled mass flow controller. Granular nickel oxide (Testbourne Ltd) is used as the target material.
In the next step, ZnO NWs are hydrothermally grown upon a second ITO glass substrate that has been cleaned with acetone, isopropyl alcohol, and oxygen plasma treatment (in the given order) to form the counter electrode. 25 mM zinc nitrate hexahydrate (Zn(NO 3 ) 2 Á6H 2 O) seed in ethanol is spin-coated on the ITO glass and baked at 150 C for 2 h. Subsequently, the seeded ITO glass is placed in a mixed aqueous solution composed of 12.5 mM hexamethylenetetramine (HMTA, C 6 H 12 N 4 ), 3.5 mM polyethylenimine (PEI), and 6.5 mM ammonia hydroxide (NH 4 OH). The container is kept in water bath at 85 C for 4 h. The seeded ITO film remains face down during the growth of the ZnO NWs to avoid damage to the floating ZnO crystals in the aqueous solution. The pH of the solution is maintained between 9.0 and 9.5.
After growth, the substrate is carefully rinsed as soon as possible with deionized water to remove residual chemicals from the ZnO NW surface, before drying at 100 C in an oven for 3 h. PMMA (M w ¼ 350 000, Sigma-Aldrich) and lithium perchlorate (LiClO 4 , M w ¼ 106.39, Sigma-Aldrich) are used without further purification and dissolved in acetonitrile (ACN, CH 3 CN, Sigma-Aldrich) and propylene carbonate (PC, C 4 H 6 O 3 , Sigma-Aldrich), followed by stirring at 50 C for 24 h in ambient air, to form the electrolyte. The resulting weight ratio is 7:3:25:65. The prepared polymer electrolyte is coated between the ZnO NW counter electrode and NiO x working electrode and subsequently sealed with ultraviolet curing adhesive to prevent ingress of moisture. The assembled device possesses an active area of 1 cm Â 2 cm.
The ECD device structure is shown in the 3D schematic diagram illustrated in Figure 1(a) . This sandwich configuration comprised NWs, electrolyte, and NiO x layer between transparent ITO glass with the following physical dimensions: ZnO nanowire lengths of 6-8 lm and diameters of 300 $ 500 nm, polymer electrolyte thickness of 10 lm, and NiO x electrochromic layer thickness of 180 nm.
To test and evaluate the performance of these devices, X-ray diffraction (XRD) patterns, optical transmittance spectra, and temporal responses are collected. Figures 1(b) and 1(c) show the 2h XRD patterns relevant to the NiO x thin film and ZnO NWs. XRD is one of most useful analysis tool for characterizing phase structures of this type of materials. XRD peaks of NiO x and ZnO NWs show only one strong and sharp peak at each angle of 37. 2 and 34.5 , related to the 2h XRD patterns of the NiO x thin film (highly 111 oriented) and ZnO NW structures (highly 002 oriented), respectively. The inset of Figure 1(b) depicts the 2D surface morphology and roughness of the NiO x film measured by AFM. The topography is composed of tiny grain of less than 100 nm in size and the mean roughness (R) is 2.89 nm. 
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The optical transmittance spectra in the visible wavelength region of the prepared ECD under applied voltages of þ3 V and À3 V are shown in Fig. 2 . The achievable optical modulation in the visible wavelength region between 400 nm and 800 nm is of particular importance to ECDs. In this case, ECD transmittance in the bleached state does not exceed 90%, predominantly owing to the limitations imposed by the reflection of the glass substrates and absorption of the electrolyte. 31 The ECD transmittance is controllable between colored and bleached states using applied potentials of þ3 V and À3 V, respectively. Under positive potentials, the NiO x electrochromic material's work anodic coloration is colored in the oxidized mode and is bleached in the reduced mode. 32 In this transmittance spectrum, the ECD shows 83.91%, 80.62%, and 66.51% in the bleached state and 21.21%, 14.71%, and 10.33% in colored state at the wavelengths of red (700 nm), green (530 nm), and blue (470 nm), respectively. In addition, the contrast ratios (D%T) are 59.64% (@700 nm), 69.12% (@530 nm), and 73.11% (@470 nm), which are higher than previous reported papers with ZnO NWs arrays. 19, [25] [26] [27] These high contrast ratios across the visible spectrum indicate that our device displays significant promise for display applications. The inset photographs serve to further demonstrate the high contrast exhibited by our device. Figure 3(a) shows the temporal response and switching times at a wavelength of 630 nm of the ECD fabricated with an active cell of 1 cm Â 2 cm area. The temporal response is measured using a transmitter laser source of 630 nm and a Si photo detector receiver. Here, the switching time is defined as the time to reach 63.2% of the time constant (s), for each transmittance. From the displayed behavior, it can be seen that switching between transmittances of 77.9% and 17.8% may be attained with a coloration time of 0.4 s and a fast bleaching time of 0.2 s. It is difficult to make a simple comparison of our device and the previous reported ECDs with ZnO NWs because of the different device structures, electrolytes, and electrochromic materials in use. 19, [25] [26] [27] However, the switching time and contrast ratio of our device are comparable to that of previously reported ones. For example, Sun and Wang 25 recognized that the switching time have linear relationship with an active area and showed a switching times of 0.14 s and 1.33 s for an active area of 1 cm 2 and 3.8 cm 2 , respectively; whereas, our ECD exhibits a switching time of 0.2 s with an active area of 2 cm 2 . Moreover, Kateb et al. 27 claimed a very fast switching time of 0.066 s without specifying the active area of their device and they reported the maximum contrast ratio of 46.1% at the wavelength of 640 nm. This is probably because their electrochromic thickness was just $20 nm, whereas, our ECD exhibits the maximum contrast ratio of 73.11% at the wavelength of 470 nm with a thickness of 180 nm.
This level of performance can be explained by the porous and vertical structure of ZnO NWs array offering enormous surface and contact area with the PMMA polymer electrolyte providing a tremendously efficient path for electron movement. Furthermore, the vertical structure reduces the ion's diffusion distance to the anode electrode, so ion electrons can be rapidly transferred from the ZnO NWs to the NiO x , allowing the ECD to be bleached quickly. Although the NiO x electrochromic layer does not have an enormous contact area with the PMMA polymer layer, the diffusion distance is still short, so switching time of colored state is almost doubled. In addition, ZnO NWs arrays are directly grown on the ITO layer, thus providing much better contact compared with thin films. For this reason, our ECD system shows rapid switching time characteristics. Figure 3(b) displays the gain in performance and reduction in switching potential generated through the use of a ZnO NW array as compared to the use of a planar ZnO counter electrode. In the current versus voltage plot, the ECD system with ZnO NWs array, current starts flowing at roughly 61 V and the slope of the current increase is quite steep and the final current value is about 300 lA-500 lA at 63 V. Whereas, in the ECD system without ZnO NWs array, current starts to flow at over 62 V and the slope is smaller and the final current is only 6150 lA at 63 V. This obviously shows that contrast ratio and transmittance are related to the current value. Similarly, the switching time has close relation to the slope.
In summary, we have fabricated and demonstrated a high performance ECD device utilizing a ZnO NWs array counter electrode, a NiO x working electrode, and PMMA polymer electrolyte. This ECD device is the first known device to combine PMMA polymer electrolyte with a ZnO NW array. The device demonstrated particularly impressive switching times (0.4 s coloring / 0.2 s bleaching) and contrast ratio behavior (73.11% at 470 nm) when switched at potentials of 63 V at 0.5 Hz across the observed visible region (400 nm to 800 nm). In the bleached state, the maximum transmittance was 83.91% at 700 nm. Thus, this combination of materials presents itself as an ideal candidate for next generation ECD devices.
